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(57) Abstract: Methods are provided for 
low temperature, rapid baking to remove 
impurities from a semiconductor surface 
prior to in-situ deposition. Advantageously, 
a short, low temperature process consumes 
very little of the thermal budget, such 
that the process is suitable for advanced, 
high density circuits with shallow 
junctions. Furthermore, throughput is 
greatly improved by the low temperature 
bake, particularly in combination with 
low temperature plasma cleaning and 
low temperature wafer loading prior to 
the bake, and deposition after the bake 
at temperatures lower than conventional 
epitaxial deposition. The process enables 
epitaxial deposition of silicon-containing 
layers over semiconductor surfaces, 
particularly enabling epitaxial deposition 
over a silicon germanium base layer. By 
use of a low-temperature bake, the silicon 
germanium base layer can be cleaned 
to facilitate further epitaxial deposition 
without relaxing the strained crystal 
structure of the silicon germanium. 
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LOW TEMPERATURE LOAD AND BAKE 

Field of the Invention 

5 The present invention relates to cleaning semiconductor substrates prior to fonning layers 

thereupon, and more particularly to bake steps and subsequent in-situ epitaxial deposition within a single- 
wafer chemical vapor deposition (CVD) or atomic level deposition (ALD) chamber. 

Background of the Invention 
High-temperature ovens, called reactors, are used to create structures of very fine dimensions, such as 
1 0 integrated circuits on semiconductor substrates. One or more substrates, such as silicon wafers (which may or 
may not include previously formed stmctures thereon or therein), are placed on a wafer support inside the 
reaction chamber. Both the wafer and support are heated to a desired temperature. In a typical wafer treatment 
step, reactant gases are passed over the heated wafer, causing the chemical vapor deposition (CVD) of a thin 
layer of the reactant material on the wafer. Various process conditions, particularty temperature unifonnity and 
1 5 reactant gas distribution, must be carefully controlled to ensure the high quality of the resulting layers. 

Through a series of deposition, doping, photolithography and etch steps, the starting substrate and the 
subsequent layers are converted into integrated circuits, with a single layer producing from tens to thousands or 
even millions of integrated devices, depending on the size of the wafer and the complexity of the circuits. 

Batch processors have traditionally been employed in the semiconductor industry to allow multiple 
20 wafers to be processed simultaneously, thus economically presenting low processir^ times and costs per wafier. 
Recent advances in miniaturization and attendant circuit density, however, have towered tolerances for 
imperfections in semiconductor processing. Accordingly, single wafer processing reactors have been developed 
for improved control of deposition conditions. 

Among other process parameters, single wafer processing has greatly improved temperature and gas 
25 flow distributton across the wafer. In exchange for greater process control, however, processing time has 
become even more critk^al than with bateh systems. Every second added to processing times must be multiplied 
by the number of wafers being processed serially, one at a time, through the same single-wafer processing 
chamber. Conversely, any improvements in wafer throughput can translate to significant fabrication cost savings. 
One process for which process control is particulariy critical, and for which single wafer processing is 
30 particulariy useful, is the fonnation of epitaxial layers. If the deposited layer has the same ciystallographic 
stmcture as the underiying silicon wafer, it is called an epitaxial layer. Through careful control of deposition 
conditions, reactant gases are passed over a heated substrate such that the deposited species precipitates in 
confonnity with the underiying crystal structure, which is thus extended into the growing layer. The lowest level of 
devices, including transistors, often include epitaxial layers fomied over a single crystal semiconductor substrate. 
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Cleanliness of the Interfaces Prior to Epitaxial Deposition 

It is important that the epitaxial layers maintain a pure crystal structure, free of contamination which 
could affect device operation. The purity and crystalline stnicture of the underlying sut)strate prior to epitaxial 
deposition strongly afiiects the resultant epitaxial layer. Contaminants at the sut)stFate sur^, such as naturally 
5 fomiing "native oxide" and cariton contaminants, interfere with the crystal structure and consequent electrical 
properties of each overiying layer as it is fbmned, resulting in a polycrystalline layer. Note that clean, oxide-free 
surfaces are also desirable for a nmber of contexts other than epitaxial deposition. 

Typically wafers are cleaned prior to deposition with an ammonium hydroxide, hydrogen peroxide 
mixture, known as an "APM" clean. The most popular cleaning methods involve one or more forms of an RCA 
10 cleaning procedure. The RCA Standard-Clean-1 (SC-1) procedure uses an ARM solution and water heated to 
a temperature of about 70X. The SC-1 procedure dissolves films and removes Group I and II metals. The 
Group I and II metals are removed through complexing with the reagents in the SC-1 solution. The RCA 
Standard-Clean-2 (SC-2) procedure utilizes a mixture of hydrogen peroxide, hydrochloric acid, and water 
heated to a temperature of about ZC'C. The SC-2 procedure removes the metals that are not removed by the 
15 SC-1 procedure. 

If an oxide-free surface is required, as in the case of epitaxial SiGe stacks, the silicon wafer is 
typically dipped into an aqueous solution of hydrofluoric acid or HP vapor treated to etch away the oxide layer 
left by an APM clean and, theoretically, obtain hydrogen termination. There are a large number of variations 
on RCA clean and hydrofluoric acid treatments. After cleaning, wafers are typically stored for a period of time 
20 before further processing. A native oxide tends to fomn on the previously oxide-free silicon wafer surface 
almost immediately after exposure to air or moisture. Further, silicon-fluorine and silicon-carbon bonds are 
often observed on the silicon wafer suridce after cleaning. The fluorine and carbon contamination on the 
surface can be detrimental to the themial budget and/or the quality of the layer to be grown or deposited on 
the surfoce of the wafer. 

25 If the silicon wafer is dipped in hydrofluoric acid as the last cleaning step (also known as an "HP last" 

step), the surface of the silicon is typically temdinated mostly with a monolayer of hydrogen, attached to the 
substrate largely through Si-H bonds. The hydrogen-tenninated surface resists oxidation more than untreated 
silicon. If desired, the hydrogen temnination can be removed at temperatures greater than about 500°C. 
However, the surface of a silicon wafer after a conventional HP last treatment nomially starts to reoxidize 

30 within about 20 minutes after the original oxide layer was removed, qutekly forming a new 5 A to 7 A thick 
oxide layer on the surface of the silicon wafer. Carbon or fluorine tenmination can better prevent re-oxidation, 
though this will introduce other problems, such as contamination or difficulty in removing Uie temnination prior 
to subsequent processing. The problem of reoxidation after the HP last step has tieen detrimental to the high- 
throughput manufacturing of many silicon devices, but has been a particular hindrance in the creation of an 

35 epitaxial silicon emitter layer on top of a silicon gennanium base. 
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Summary of the Invention 

A need exists, therefore, for methods of purifying substrate surfaces prior to chemical vapor deposition, 
and of maintaining the purity of a deposited layer after fonfnation. Desirably, such methods should be compatible 
with single-wafer, epitaxial silicon deposition chambers without increasing system costs or reducing wafer 
5 throughput In some anrangements, these methods should not exhaust the thermal budget for SiGe alloys, and 
subsequent epitaxial layers. Further, there is a need for methods which allow for an increase in both thickness 
and germanium concentration of the SiGe base layer. These and other needs are satisfied by several 
embodiments within the present invention. 

In accordance with one aspect of the present invention, a method is provided for treating a 

10 semiconductor substrate having an exposed semiconductor region subject to oxidation by loading the 
substrate onto a substrate support in a chemical vapor deposition reaction chamber at less than SSC'C; 
subjecting the substrate to a bake in a reducing environment for less than 45 seconds; stabilizing the 
substrate temperature after the bake; and depositing a layer by chemical vapor deposition directly over the 
semiconductor region after stabilizing the temperature. 

IS In accordance with another aspect of the present invention, a system for chemical vapor deposition 

on a semiconductor is provided, including: a cold wall reaction chamber, a plasma source connected to the 
reaction chamber, a susceptor housed within the reaction chamber; a robot configured to transfer a substrate 
into, and out of the reaction chamber; heating elements; and a computer programmed to control the low- 
temperature plasma cleaning of the reaction chamber, loading of the substrate, and subsequent deposition. 

20 A third aspect of the invention provides a system for chemical vapor deposition on a semiconductor 

substrate, including: a plasma source; a susceptor, a robot configured to transfer a hydrogen-terminated 
substrate into and out of the reaction chamber; heating elements; and a computer programmed to control the 
low-temperature plasma cleaning of the reaction chamber, loading of the substrate, and subsequent 
deposition. 

23 In accordance with another aspect of the invention, a method is provided for growing an epitaxial 

silicon-containing layer on a silicon-germanium layer. The method includes inserting a semiconductor 
substrate with a silicon-germanium layer into a reaction chamber onto a susceptor housed within the 
chamber. The substrate is subjected to a bake step, following by epitaxially forming a silicon-containing layer 
on top of the silicon-germanium layer. 

30 In accordance with still another aspect of the invention, a method is provided for semiconductor 

processing. A substrate with an exposed semiconductor surface is inserted into a reaction chamber. A bake 
step is conducted to remove oxide from the semiconductor surface, for a period of less than about 45 
seconds. An epitaxial layer is then grown over the single-crystal silicon gemoanium layer. 
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Brief Description of the Drawings 
These and other aspects of the invention will be readily apparent to the skilled artisan from the following 
description and the attached drawings, wherein: 

Figure 1 is a schematic sectional view of an exemplary single-sul)strate reaction chamt)en 
S Figure 2 is a gas flow schematic, illustrating gas sources in accordance with a prefened emixxliment of 

. > A the present invention; 

Hgure 3 is a schematic plan view of the wafer in relation to a plurality of temperature sensors and a 
temperature controller; 

Figure 4 is a flow chart generally illustrating a preferred method for cleaning a wafer prior to 
1 0 introduction into the process chamt)er; and 

Figure 5 is a flow chart generally showing a process in accordance with the preferred emIxKiiments. 
Figure 6 is a flow chart generally showing a process for forming an epitaxial emitter in accordance with 
the prefened emIXKiiments. 

Detailed Description of the Preferred Embodiment 

IS While the prefened embodiments of the present invention are discussed in the context of a single- 

substrate reaction chamber, the skilled artisan will appredate that the principles and advantages taught herein 
will have application to depositton reactors of other types. Furthennore, while a series of prf)cess steps are 
disclosed herein, one of ordinary skill in the art will recognize the utility of certain of the disclosed steps even in 
the absence of some of the other disclosed steps. 

20 A system and methods are provided for low temperature, rapid baking to remove impurities firom a 

semiconductor surface prior to in-situ deposition. Advantageously, a short, low temperature process consumes 
very litHe of the thennal budget, such that the process is suitable for advanced, high density circuits with pre- 
fabricated, shaltow junctions and epitaxi^ SiGe alloys. Furthemnore, throughput is greatly improved by a tow 
temperature bake, particulariy in combination with low temperature plasma cleaning and tow temperature .wafer 

25 loading prior to the bake, and deposition after the bake at temperatures tower than conventional epitaxial 
deposition. Although the prefened embodiment for the present invention is illustrated with reference primarily to 
chemrcal vapor deposition (CVD), one skilled in the art will understand that atomto layer deposition (ALD) would 
also be suitable. 

In the preferred embodiment, a substrate is loaded on a substrate support that klles at less than the 
30 temperature at whk^h protective temnination (e.g., hydrogen) desorbs. such as less than about 500-550X for 
hydrogen terminattons left by HF last processes. The hydrogen bake can then be a spike in temperature for less 
than 30 seconds, 15 seconds in the exemplary embodiment, and the temperature is then quickly stabilized at a 
temperature suitable for a subsequent ithsitu CVD process. For example, selective epitaxy, epitaxial or 
polycrystalline SiGe. and oxynitride deposition can all be conducted at relatively low temperatures between about 
35 SSO^'C and SOO^'C. By reducing the temperature at which the bake and the depositions can take place, a process 
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needs less cooling time between processes, and the throughput of a reaction chamber will consequently be 
increased. Because the susceptor idles at less than 500*'C between wafers, the channber can be cleaned with 
low-temperature plasma. This is particularly advantageous in the creation of heterojunction bipolar transistors 
(HBTs). and especially, those HBTs comprised of silicon-germanium and epitaxial silicon. Rnally. the present 
5 invention provides a method whereby a SIGe base can be cleaned and freed of any oxide or carbon, and a 
silicon-containing emitter can be epitaxially grown on top of the SiGe base, virithout exceeding the thermal budget 
of the base or Introducing dislocations into its lattice stmcture. 

Prefenred Reactor Embodiment 

The preferred embodiments are presented in the context of a single-substrate, horizontal flow cold- 

10 wall reactor. "Single wafer' processing tools, in general, demonstrate greater process control and uniformity 
than traditional batch systems, but do so at the expense of throughput, since only one or at best a handful of 
substrates can be processed at one time. The illustrated single-pass horizontal flow design also enables 
laminar flow of reactant gases, with low residence times, which in turn facilitates sequential processing while 
minimizing reactant interaction witii each other and with chamber surfaces. Thus, among other advantages. 

IS such a laminar flow enables sequentially flowing reactants that might react with each ottier. Reactions to be 
avoided include highly exothennic or explosive reactions, and reactions that produce particulate 
contamination of the chamber. Additionally, tiie chamber facilitates rapidly purging ttie chamber between 
steps, such as purging the chamber of air and moisture after loading a substrate onto the susceptor. 

Figure 1 shows a chemical vapor deposition (CVD) reactor 10. including a quartz process or reaction 

20 chamber 12, constructed in accordance witt) a prefen^ embodiment, and for which ttie metiiods disclosed 
herein have particular utility. While originally designed to optimize epitaxial deposition of silicon on a single 
substrate at a time, ttie inventors have found ttie superior processing control to have utility in CVD of a number of 
different materials. Moreover, the illustrated reactor 10 can safely and cleanly accomplish multiple treatment 
steps sequentially in the same chamber 12. The basic configuration of the reactor 10 is available commercially 

25 under ttie trade name Epsilon™ from ASM America. Inc. of Phoenix. AZ. 

A plurality of radiant heat sources are supported outside the chamber 12 to provide heat energy in ttie 
chamber 12 wittiout appreciable absorption by ttie quartz chamber 12 walls. While ttie preferred embodiments 
are described in ttie context of a 'cold wair CVD reactor for processing semiconductor wafers, it will be 
understood ttiat ttie processing mettiods described herein will have utility in conjunction witti oUier 

30 heating/cooling systems, such as ttiose employing inductive or resistive heating. In addition, alttiough ttie 
preferred embodiments for ttie present invention are illustrated witti reference primarily to chemical vapor 
deposition (CVD). one skilled in ttie art wilt understand ttiat atomic layer deposition (MJD) would also be suitable. 

The illusbrated radiant heat sources comprise an upper heating assembly of elongated tube-type radiant 
heating elements 13. The upper heating elements 13 are preferably disposed in spaced-apart parallel 

35 relationship and also substantially parallel witti ttie reactant gas flow patti ttuough ttie undertying reaction 
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chamber 12. A lower heating assembly comprises similar elongated tube-type radiant heating elements 14 
below the reaction chamber 12, preferably oriented transverse to the upper heating elements 13. Desirablyi a 
portion of the radiant heat is diffusely reflected into the chamber 12 by rough specular reflector plates (not shown) 
above and below the upper and lower lamps 13. 14. respectively. Additkmally, a plurality of spot (amps 15 supply 
5 concentrated heat to the underside of the substrate support structure (described below), to counteract a heat sink 
effect created by cold support stnictures extending through the bottom of the reaction chamber 12. 

Each of the elongated tube type heating elements 13, 14 is preferably a high intensity tungsten filament 
lamp having a transparent quartz envelope containing a halogen gas, such as iodine. Such lamps produce full- 
spectmm radiant heat energy transmitted through the walls of the reaction chamber 12 without appreciable 

10 absorption. As is known in the art of semiconductor processing equipment, the power of the various lamps 13, 
14, 15 can be controlled independently or in grouped zones in response to temperature sensors. 

In the illustrated embodiment, elongated tube-type radiant heating elements 13, 14 are preferable 
because these elements have the desirable properties of being able to heat up and cool down relatively quickly. 
Preferably, the upper heating elements 13 and lower heating elements 14 are able to be controlled 

15 independently. However, as will be apparent to one skilled in the art. in other embodiments altemate heating 
sources may be used. 

A substrate, preferably comprising a silicon wafer 16, is shown supported within the reaction chamber 

1 2 upon a substrate support stnjcture 18. Note that, while the substrate of the illustrated embodiment is a single- 

crystal silicon wafer, it will be understood that the temi "substrate' broadly refers to any surface on which a layer 
20 is to be deposited. Moreover, the principles and advantages described herein apply equally well to depositing 

layers over numerous other types of substrates, including, without limitation, glass substrates such as those 

employed in flat panel displays. 

The illustrated support staicture 18 includes a substrate holder 20, upon which the wafer 16 rests, and a 

support spider 22. The spider 22 is mounted to a shaft 24, which extends downwardly through a tube 26 
25 depending from the chamber lower wall. Prefierably, the tube 26 communrcates with a source of purge or sweep 

gas which can ftow during processing, inhibiting process gases from escaping to the tower section of the 

chamber 12. 

The substrate holder 20 of the prefened cold wall reactor 10 is a susceptor for radiant heat energy. 
Typical susceptors comprise SiC or Si&coated graphite, and in the illustrated embodiment the susceptor 20 

30 includes a pocket sized to fit a 200*mm wafer with less than about 1 mm clearance. In other anangements, the 
susceptor can be designed (e.g., pocket sized) to support wafers of other sizes. While certain aspects of the 
process described herein are compatible with low mass susceptors, some aspects are particulariy advantageous 
for standard susceptors, which are considerably more massive than the wafer for which they are designed to 
support. Such standard susceptors preferably have a themnal mass greater than about 3 times the thermal mass 

35 of the wafer 16 to be supported, and more preferably greater than about 5 times the themial mass of the wafer, 
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and in the illustrated embodiment the susceptor 20 has a themnal mass at)Out 7-8 times the themial mass of the 
wafer 16. 

A plurality of temperature sensors are positioned in proximity to the wafer 16. The temperature sensors 
can take any of a variety of forms, such as optical pyrometers or thennocouples. The number and positions of 
S the temperature sensors are selected to promote temperature uniformity, as will be understood in light of the 
description below of the preferred temperature controller. - Prefisrably. however, the temperature sensors directly 
or indirectly sense the temperature of positions in proximity to the wafer. 

In the Illustrated embodiment, the temperature sensors comprise thermocouples, including a first or 
central themfK)coupIe 28, suspended below the wafer holder 20 in any suitable fashion. The IHustrated central 
10 themnocouple 28 passes through the spider 22 in proximity to the wafer holder 20. The reactor 10 further 
includes a plurality of secondary or peripheral thennocouples, also in proximity to the wafer 16, including a 
leading edge or front thennocouple 29, a trailing edge or rear thennocouple 30. and a side thennocouple (not 
shown). Each of the peripheral thennocouples are housed within a slip ring 32. which sunounds the substrate 
holder 20 and the wafer 16. Each of the central and peripheral thennocouples are connected to a temperature 
IS controller, which sets the power of the various heating elements 13, 14. 15 in response to the readings of the 
thennocouples. 

In addition to housing the peripheral thennocouples, the slip ring 32 absort)s and emits radiant heat 
during high temperature processing, such that it compensates for a tendency toward greater heat loss or 
absorption at wafer edges, a phenomenon which is known to occur due to a greater ratio of surface area to 

20 volume in regions near such edges. By minimizing edge bsses, the slip ring 32 can reduce the risk of radial 
temperature non-uniformities across the wafer 16. The slip ring 32 can be suspended by any suitable means. 
For example, the illustrated slip ring 32 rests upon elbows 34 that depend from a front chamber divider 36 and a 
rear chamber divider 38. The dividers 36, 38 desirably are fonned of quartz. In some arrangements, the 
downstream divider 38 can be omitted. 

25 .The illustrated reaction chamber 12 includes an inlet port 40 for the injection of reactant and carrier 

gases, and the wafer 16 can also be received theretiirough. An outiet port 42 is on tiie opposite side of the 
chamber 1 2, witii Oie wafer support stiucture 1 8 positioned between the inlet 40 and the outiet 42. 

An inlet component 50 is fitted to the reaction chamber 12, adapted to surround the inlet port 40, and 
includes a horizontally elongated slot 52 through which the wafer 16 can be inserted. A generally vertical inlet 

30 54 receives gases from remote sources, as will be described more fully below, and communicates such gases 
with the slot 52 and the inlet port 40. The inlet 54 can include gas injectors as described in U.S. Patent No. v 
5.221,556, issued Hawkins et al., or as described with respect to Figures 21-26 In U.S. Patent Application No. 
08/637,616, filed April 25, 1996, the disclosures of which are hereby incorporated by reference. Such 
injectors are designed to maximize unifomoity of gas flow for the single-wafer reactor. 
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An outlet (X)mponent 56 similarly mounts to the process chaml)er 12 such that an exhaust opening 58 
aligns with the outlet port 42 and leads to exhaust conduits 59. The conduits 59. in turn, can conrununicate with 
suitable vacuum means (not shown) for drawing process gases through the chamber 12. In the prefened 
embodiment, process gases are drawn through the reaction chamber 12 and a downstream scrubber (not 
S shown). A pump or feui is preferably included to aid in drawing process gases through the chamber 12, and to 
evacuate the chamber for low pressure processing. 

The reactor 10 also preferably includes a generator 60 of excited species, preferably positioned 
upstream from the chamber 10. The excited species generator 60 of the illustrated embodiment comprises a 
remote plasmia generator, including a magnetron power generator and an applicator along a gas line. An 

10 exemplary remote plasma generator is available commercially under the trade name TR-850 from Rapid 
Reactive Radicals Technology (R3T) GmbH of Munich. Gennany. In the illustrated embodiment, microwave 
energy from a magnetron is coupled to a flowing gas in an applicator along a gas line. Plasma source gases 
63 are located upstream of the excited species generator 60. As is known in the art, the plasma source gases 
63 can comprise reactants, canrier gases, gas tanks, bubblers, etc., depending upon the torn and volatility of 

15 the reactant species. Each gas line can be provided with a separate mass flow controller (MFC) and valves, 
to allow selection of relative amounts of earner and reactant species introduced to the excited species 
generator 60 and thence Into the reaction chamber 12. It will be understood that, in other arrangements, the 
excited species can be generated within the process chamber. The preferred processes described below, 
however, do not employ excited species but are rather species of thennal CVD. 

20 Wafers are preferably passed from a handling chamber (not shown), which is isolated from the 

surrounding environment, through the slot 52 by a pick-up device. The handling chamber and the processing 
chamber 12 are preferably separated by a gate valve (not shown) such as a standard vertical slit valve or the 
type disclosed in U.S. Patent No. 4,828,224, the disclosure of which is hereby incorporated herein by reference. 
The total volume capacity of a single-wafer process chamber 12 designed for processing 200 mm 

25 wafers, for example, is preferably less than about 30 liters, more preferably less than about 20 liters, and most 
preferably less than about 10. The illustrated chamber 12 has a capacity of about 7.5 liters. Because the 
illustrated chamber 12 is divided by the dividers 32. 38, wafier holder 20. ring 32. and the purge gas flowing from 
the tube 26. however, the effective volume through which process gases fk)w is around half the total volume 
(about 3.77 liters in the illustrated embodiment). Of course, it will be understood that the volume of the single- 

30 wafer process chamber 12 can be different depending upon the size of the wafers for which the chamber 12 is 
designed to accommodate. For example, a single-wafer processing chamber 12 of the illustrated type, but for 
300 mm wafers, preferably has a capacity of less than about 100 liters, more preferably less than about 60 liters, 
and most preferably less than about 30 liters. One 300 mm wafer processing chamber has a total volume of 
about 24 liters, with an effective processing gas capacity of about 1 1 .83 liters. 
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As also shown in Figure 2, the reactor 10 further includes a source 72 of hydrogen gas {H2). As is 
known in the art, hydrogen is a useful canier gas and purge gas because it can be provided in very high purity, 
due to its low boiling point, and is compatible with silicon deposition. H2 is also employed as a reducing agent in 
the prefened hydrogen bake prior to layer fonnation. In other arrangements, H2 can also flow through the excited 
5 species generator 60 to generate H radk:als for native oxide cleaning or for other purposes. 

The illustrated reactor 10 also includes a source 73 of nitrogen gas {N2). As is known in the art, N2 is 
often employed in place of H2 as a earner or purge gas in semiconductor fobrication. Nitrogen gas is relatively 
inert and compatible with many integrated materials and process ftows. Other possible carrier gases include 
noble gases, such as helium (He) or argon (Ar). 

10 A liquid reactant source 74 is also shown. The liquki source 74 can comprise, for example, liquid 

dk^hlorosilane (DCS), trrchlorosilane (TCS) or higher order silane sources in a bubbler, and a gas line for bubbling 
and canying vapor phase reactants from the bubbler to the reactton chamber 12. The bubbler can attematively 
(or additionally) hold liquid Ta(OC2H5)5 as a metal source, while a carrier gas source 75 serves to bubble H2 
(shown) or other carrier gas through the Bquid source 74 and transport metallorganic precursors to the reaction 

IS chamber 12 in gaseous fbmn. 

Desirably, the reactor 10 will also include other source g^s such as dopant sources (e.9., the 
illustrated phosphine 76, arsine 78 and diborane 80 sources) and etchants for cleaning the reactor walls and 
other internal components (e.g.. a HCI source 82 or a mixture of NFa/Cb provkled as the plasrna source gas 63 
for feeding the excited species generator 60). For deposition of heteroepitaxy films, in accordance, with the 

20 preferred embodiments, a source of gemianium 84 (e.g.. gemnane or GeH4) and a source of carbon 85 (e.g.. a 
SiH(CH3)3 source, a Si(CH3)4 source or a CH4 source) is also provided for doping or fonnation of SiGe and SiC 
films. 

A silane source 86 is also provkled. As is known in the art silanes. including monosilane (SiH4). DCS 

and TCS. are common volatile silicon sources for CVD applications, such as the deposition of poly-SiGe. SiC, 
2S silicon nitride, metal silicides. and extrinsic or intrinsic silicon (polycrystalline. amorphous or epitaxial, depending 

upon deposition parameters). Less common sources such as disilane (Si2H6), trisilane (SbHs) and tetrasilane 

(Si4Hio), are also possible. A monosilane (SiFU) source 86 is illustrated. 

Additional illustreted source gases include an ammonia (NHd) source 70, which serves as a volatile 

nitrogen source, useful in CVD and nitridation anneal steps. However, one skilled in the art will understand that 
30 the depicted gas sources are merely illustrative, and are not necessary for all ernbodiments of the claimed 

invention. Additionally, other gas sources may also be substituted for illustrated gas sources or othenArise added 

in alternate embodiments. 

Each of the gas sources can be connected to the reactor chamber 12 through the inlet 54 (Figure 1) via 
gas lines with attendant safety and control valves, as well as mass flow controllers ("MFCs"), which are 
35 coordinated at a gas panel. Process gases are communicated to the inlet 54 (Figure 1) in accordance with 



wo 02/097864 



PCT/US02/16903 



directions programmed into a central controller and distributed into the process chamber 12 through injectors. 
After passing through the process chamber 12. unreacted process gases and gaseous reaction by-products are 
exhausted to a scmbber 88 (Figure 2) to condense environmentally dangerous fiimes before exhausting to the 
atmosphere. 

3 In addition to the conventional gas sources and liquid bubblers, discussed above, the prefened reactor 

10 includes the excited species generator 60 positioned remotely or upstream of the reaction chamber 12. The 
illustrated generator 60 couples microwave energy to gas flowing in an applicator, where the gas includes 
reactant precursors from the reactant source 63. For the processes described below, the plasma source 
gases 63 include a source of fluorine (e.g., NFa, F2 or B2F6). a source of chlorine (e.g., CI2) other halide 

10 sources and/or a source of carrier gas to help support the plasma (e.g., N2, He or Ar). A plasma is ignited 
within the applicator, and excited species are canied toward the chamber 12. Preferably, of the excited 
species generated by the generator 60, overly reactive ionic species substantially recombine prior to entry 
into the chamber 12. On the other hand, electrically neutral excited species such as F, CI, N or 0 largely 
sunnve to enter the chamber 1 2 and react as appropriate. As will be clear from the general process discussion 

1 S below, remote plasma-generated excited species fedlitate low temperature chamber cleaning and attendant high 
wafer throughput when used in combination with the tow temperature bake described herein. 

With reference to Figure 3, the wafer 16 is shown in relation to a plurality of temperature sensors, each 
connected to a temperature controller 90. While illustrated schematically as a single temperature controller SO, 
the preferred embodiment utilizes four independent temperature controllers for directly controlling the 

20 temperatures at four separate temperature sensors. It will be understood by one of skill in this art, however, that 
the invention can be applied to reactors with any of a number of temperature controllers, such as that disclosed in 
U.S. Patent No. 6.207.936 by de Waard et al.. entitled "MODEL-BASED PREDICTIVE CONTROL OF THERMAL 
PROCESSING." Such a temperature controller can predictively control the temperature of a temperature sensor 
without being limited by the response time of the sensor. 

25 The preferred temperature controller 90, however, comprises independent PID controllers 

comesponding to the independent temperature sensors. In the preferred embodiment, the temperature sensors 
comprise the thennocouples 28-31. which indirectly measure temperature by gauging a voltage across a pair of 
wires fomiing a junction, as is know in the art of temperature measurement. The Proportional, Integral, and 
Differential tenns are set for each of the PID controllers by a reactor technician. Such controllers are available 

30 from The Foxboro Company of Foxboro, MA, under the designation 761 CNA Single Station Micro^ntroller. 
Furthemiore, the upper heating elements 13 and lower heating elements 14, 15 are also independently powered. 

As will be appredated by the skilled artisan, the reactor 10 includes a computer (not shown) with a 
central processing unit and memory storage devices that store programming to control the PID controllers 90, as 
well as the mass flow controllers. Accordingly, the sequence of gate valve opening/dosing, robotic wafer 
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transfer, temperature ramping and gas flow descrit)ed herein are programmed into the computer for a given 
process "recipe." 

Ex-Situ Wafer Cleaning 

As noted in the "Background" section above, the purity of a substrate surfoce can criticaliy affect the 

A 

5 quality of a layer deposited thereon, particularly for epitaxially deposited layers. A common source of 
contamination of semiconductor substrates is native oxide, which naturally fonns on naked silicon surfaces upon 
exposure to the atmosphere. Carbon contaminants also tend to be found at the surface of semiconductor 
wafers, as received from wafer suppliers. 

Such exposure and contamination is inevitable in transporting wafers fifom vendors to fabrication 

10 facilities, and transporting wafers among processing equipment or tools withiri a facility. For example, polished 
silicon wafers are typk:ally provided by independent suppliers. Yet another set of suppliers often obtain wafers, 
apply epitaxial layers, and furnish these wafers to fabrication fecilities. Even when epitaxial layers and later 
fabrication steps are perfonned at the same fecitity, wafers are often exposed to atmospheric contaminants and 
plastic handling equipment between processing steps in different parts of the facility. 

15 Accordingly, with reference to Figure 4, the wafer is most preferably cleaned in an ex-situ bath prior 

to loading in the CVD reactor. In some arrangements, part or all of the cleaning process of Figure 4 can be 
conducted on a process tool clustered around a common transfer chamber with the CVD reactor. The 
process of Figure 4 most preferably employs the particulariy optimized cleaning process of co-pending U.S. 
application Serial No. 09/817.770, filed March 26, 2001. entitled STABLE, OXIDE-FREE SILICON SURFACE 

20 PREPARATION, assigned to the assignee of the present application, the disclosure of which is incorporated 
herein by reference. The conditions below are taken from the preferred embodiment of the '770 application. 
The skilled artisan will appreciate, however, that the low temperature bake step of the present disclosure can 
also be employed following other cleaning processes. 

Initially, a substrate with a silicon-containing surface (e.g., a bare silicon wafer or a wafer with a SiGe 

25 base fooned thereon) to be deposited upon is cleaned 100 with an ammonium hydroxide/hydrogen peroxide 
mixture (APM). The ammonium hydroxide/hydrogen peroxide cleaning 100 of the prefenred embodiment uses 
a solution of 800 mL to 1,000 mL of 30 % hydrogen peroxide, 300 mL to 600 mL of 29% ammonium 
hydroxide and 1 1 gallons (41 L) of water. Thus, the total bath concentration is preferably 0.50% to 0.80% by 
volume ammonium hydroxide, and more preferably 0.58% to 0.73% ammonium hydroxide. The total bath 

30 concentration is preferably between about 0.10% to 0.50% hydrogen peroxide, and more preferably about 
0.21% to 0.42% hydrogen peroxide. The solution is preferably maintained at a temperature of about 20X to 
SO^'C, and more preferably SO^'C - 40X. In the preferred embodiment, the wafer is maintained in the solution 
for about 5 minutes to 15 minutes. The described APM solution of step 100 of Figure 4 is similar can be 
similar to the SC-1 solution of the RCA cleaning process. 
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The APM cleaning step 100 removes particles, surface defects, and Group I and Group II metals 
from the silicon wafer in the process of growing a chemical oxide. The APM cleaning can be done in an open 
vessel etch bath or other suitable vessel. Open vessel etch baths are commercially available. The M&A 
Recirculating Etch Bath, commercially available from Marks & Associates of Phoenix. AZ. is an exemplary 
S open vessel etch bath which is suitable for use in the APM cleaning step 100. Other open vessel etch baths 
are suitable for the APM cleaning step 100. Furthennore. the APM cleaning step 100 is not limited to open 
vessel etch baths. 

A dilute hydrofluoric (dHF) add etch step 110, as shown in Figure 4, is perfonned after the APM 
cleaning step 100. An oxide layer is present on the surface of the silicon wafer after the APM cleaning step 

10 1 00. The dilute hydrofluoric acid etch step 11 0 removes the oxide layer from the silicon wafer. 

The dilute hydrofluoric acid for the dilute hydrofluoric etch step 1 10 preferably has a concentration of 
approximately 0.5% to 1 .0 % by weight (wt %) hydrogen fluoride, and more preferably 0.5 wt. % HF. Use of a 
dilute hydrofluoric acid for the etch step 1 10 minimizes contamination on the surface of the silicon wafer. The 
dilute hydrofluoric acid is preferably heated to a temperature of about 35X to GO'^C, and more preferably at 

15 about SO^'C, to minimize particles and to enhance hydrogen termination on the surface of the silicon wafer. 
The heated dilute hydrofluoric acid etch also provides for unifomi oxide etch rates on the entire surface of the 
silicon wafer. The silicon wafer is preferably exposed to the dilute hydrofluoric acid etch for a time period of 
between about 20 seconds and 2 minutes, more preferably for a time period of between about 40 seconds 
and 60 seconds, and most preferably for a time period of approximately 60 seconds. In an exemplary 

20 procedure, the silicon wafer is etched with dilute hydrofluoric acid having a concentration of approximately 0.5 
wt % hydrogen fluoride at a temperature of approximately 50*^0 for approximately 60 seconds. 

Preferably, the substrate is dipped in an aqueous or wet HF bath, although the skilled artisan will 
appreciate that HF vapor can also be employed in other arrangements. The ultrapure water which is used to 
form the dilute hydrofluoric acid in the etch bath has high resistivity, indicating that the metals levels are low. 

25 The water which is used to fonn the dilute hydrofluoric acid in the etch bath has a resistivity greater than 
about 15 megaohmsK^m (MQ-cm) at a temperature of 25''C, and most preferably a resistivity of at least about 
18 MQ-cm. The total organic cartx)n (TOC) and the dissolved silica are also preferably minimized to levels of 
less than 10 ppb (parts per billion). 

The hydrofluoric acid which is used to form the dilute hydrofluoric acid in the etch bath is preferably 

30 . gigabit grade (on the order of parts per trillion impurities) hydrofluoric acid with low levels of particles and 
dissolved metals, commercially available as Part No. 107101 in a 49% solution from Alameda Chemical of 
Tempe, AZ. (480) 785^685. 

In the prefened embodiments, a high purity nitrogen purge curtain is employed at the air/lk]uid 
interface during both the dilute hydrofluoric acid etch step 1 10 and the subsequent in-situ rinse step 120. The 

35 high purity nitrogen is filtered through a filter, which removes particles larger than 0.003 ^m at the point of 
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use. Ionizing the nitrogen before the nitrogen contacts the silicon wafer minimizes particles. An ionizer, for 
example, is part of the Verteq SRD^ system. The high purity nitrogen enhances particle neutrality and stable 
surface tennination on the silicon wafer. 

After the silicon wafer is etched with dilute hydrofluoric acid in step 1 10, the silicon wafer is rinsed in- 
S situ in the etch bath with ultrapure water for maximum hydrogen passivation of the etched silicon surface in 
the in-situ rinse step 120 of Rgure 4. The ultrapure water which is used for the in-situ rinse step 120 desirably 
has the same purity as the ultrapure water which is used to torn the dilute hydrofluoric acid in the etch bath to 
maintain stable hydrogen termination and particle neutrality. The etched silicon wafer is preferably rinsed with 
ultrapure water for a time period sufficient to remove all HF acid and particles ftom the previous etch step, 

1 0 which of course depends upon the volume of the etch bath. 

Rinsing the silicon wafer in-situ in the etch bath minimizes the amount of contamination. 
Furthermore, the in-situ rinse step 120 eliminates a step of transferring the wafer into a rinse bath. 
Contamination of the silicon wafer could occur during the transfer to the rinse bath. In the illustrated 
embodiment, the in-situ rinse step 120 is conducted at approximately room temperature (typically 20''C - 

15 25*'C, or about 23*'C). The in-situ rinse is preferably a cascade and displacement rinse. An exemplary in-situ 
rinse step 120 involves an in-situ rinse in the etch bath with ultrapure water at room temperature for 
approximately 1 5 minutes. 

After the silicon wafer is rinsed with ultrapure water, it is dried in the spin-dry step 130 of Figure 4. 
Although a variety of spin-drying apparatuses are suitable for the drying step 130, the Verteq 1800 is an ' 

20 exemplary spin/rinse dryer, commercially available from Verteq, Inc. of Santa Ana, CA. The silicon wafer is 
transfenBd to the spin/rinse dryer after rinsing in the in-situ rinse step 120. In the spin-only dry step 130, the 
silicon wafers are spun dry while hot, ionized nitrogen is flowed into the dryer at a rate of between about 15 
sIm and 25 sIm. The hot nitrogen gas is preferably at a temperature of GO^'C to SOX, more preferably at a 
temperature of 60X to 80''C. and most preferably at a temperature of about 70''C. Only the dry cycle is 

25 cam'ed out, preferably at 400 rpm to 600 rpm, without using the rinse cycle of the machine. The nitrogen 
stream is passed through a filter, which removes particles larger than 0.003 jxm before entering the dryer. 
The dry only spin-dry step 130 is earned out until the silicon wafers are dry, typically approximately 240 
seconds for bare silicon wafers and approximately 480 seconds for pattenfied wafers. The dry only spin-dry 
step 130 enhances particle neutrality and stable surface tenfnination on the silicon wafer. 

30 An exemplary dry only spin-dry step 130 is conducted at 500 rpm for 240 seconds for a bare silicon 

wafer or 480 seconds for a patterned silicon wafer with the heater on and antistatic option (ionization) on. 

Advantageously, the process described herein produces a low particulate count and a hydrogen 
termination that can remain stable under clean room conditions for days, in contrast to conventional cleaning 
processes that result in oxidation within about 20 minutes. Conventional cleaning can, however, be used in 
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conjunction with the processes descrit)ed betow; in this case it is preferred to conduct such cleaning, or at 
least the HF last treatment immediately prior to initiating the process of Figure 5. 

Low Temperature Bake» Deposition and Chamber Cleaning 

Refem'ng now to Rgure 5. the process of Figure 4 is illustrated as a step 200 and occurs prior to loading 
5 220 wafers in the prefenred CVD chamber. 

Residue from silicon source gases is generally left on surfaces of the reactton chamber 12 (Rgure 1) 
after the deposition. In the past, such residues have been removed with simple HCI vapor etch steps between 
depositions. Without frequent cleaning, the residue can cloud the quartz reactor walls through which radiant heat 
must pass for nonnal operation. Exposing the residue to an oxidation step before the etch step, however, tends 
10 to harden the residue, requiring more hamiful or costly cleaning steps. £x-stfu acid washing the coated surfaces, 
for example, entails considerable costs in dismantling the process chamber, not to mention the costs of reactor 
down time during exsitu cleaning of reactor components. 

While the chamber is empty of wafers, advantage can be taken of a low temperature plasma clean 
process 210, to remove deposits from the chamber walls and other components. The clean process 210 can be 
15 conducted after every deposition cycle (between wafers) or can be conducted after every few wafers. 
Preferably, the clean process 210 employs halide source gases (particularly NFa and/or CFe) activated in the 
remote excited species generator 60 (Figure 2). Preferably, the clean process is conducted at less than about 
550''C, more preferably less than about 500^C, and most preferably at about 450X. Following a plasma 
chamber clean 21 0. the reactants are purged from the chamber and the gate valve is opened. ' 
20 As will be appreciated from the discussion below, the low temperature loading 220 of wafers and tow 

temperature bake step 240 pemiit taking full advantage of the tow temperatures afforded by plasma energy 
during the chamber clean 210. Without the low temperature toading process 220, which is fadlitated by the 
subsequent tow temperature bake 240, the chamber temperature would at any rate need to be ramped up to a 
higher bake temperature. 

25 After the plasma chamber clean 210, the wafer is loaded 220 into the process chamber and onto the 

wafer support or susceptor 20 (Figure 1). In the preferred embodiment, the susceptor 20 "Mies" between wafer 
processing at less than the temperature at whk:h the protective termination on the wafer desorbs. For example, 
following an HF last process that leaves a hydrogen tennination. the susceptor 20 idles at less than SSO'^C, 
preferably less than about 500X, and in the exemplary embodiment at about 450X. Accordingly, the susceptor 

30 20 is maintained at the temperature of the preceding plasma clean 210 during toading 220 in the illustrated 
embodiment. 

Advantageously, the low temperature loading 220 largely maintains the hydrogen tennination on the 
wafer surface until after the chamber gate valve is closed and chamber purging 230 begins to remove any 
atmospheric contaminants which can have been introduced through the gate valve during loading of the 
35 substrate. Purging can be performed with any suitable purge gas. but is most preferably conducted with 
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hydrogen gas. Desirably, H2 is flowed from the inlet port 40 to the outlet port 42. as well as through the 
depending tube 26 to the underside of the wafer holder 20 (see Figure 1). Exemplary Ha flow rates are within 
about 2045 sIm. 

Due to the low wafer temperature at this stage, air and moisture is removed from the chamber before 

S substantial loss of the hydrogen tennination. and minimal oxidation of the wafer surface occurs. Additionally, the 
low temperature loading 220 reduces damage to wafers, wafer handling robot end effectors and susceptors by 
reducing the advent of wafer "curl." Wafer curl is a well-known phenomenon resulting from thermal shock of 
bringing a relatively cold wafer into sudden contact with a much hotter wafer support. Moreover, in combination 
with the low temperature plasma clean 210 and low temperature bake 240 (discussed bek)w). low temperature 

1 0 loading can significantly improve wafer throughput 

After puiiging 230. the tow temperature bake 240 is conducted. Having maintained the protective 
tennination until purging 230 the chamber, relatively litUe contamination needs to be removed, such that the bake 
step need not be as high in temperature nor as prolonged as conventional bake steps. Furthemiore. extremely 
rapid temperature ramping can be conducted wittiout fear of exacert)ating the native oxide problem, since the 

15 chamber is largely free of oxygen and moisture at the time of ramping. Accordingly, ttie low temperature bake 
240 preferably involves quickly ramping tfie wafer temperature for less than about 45 seconds, more preferably 
less than about 30 seconds, and most preferably for less tiian about 20 seconds. In an exemplary embodiment, 
wherein a 200-mm wafer was employed, temperature ramping proceeds for only about 15 seconds before 
stabilizing Uie temperature for the subsequent deposition. The skilled artisan will readily appreciate, in view of 

20 tiie disclosure herein, that ttie temperature ramping time can be adjusted for different wafer sizes and lamp 
power 

Advantageously, ttiis low temperature bake 240 leaves very tow levels of oxygen and cartwn 
contamination at the surface. Experiments using the SIMS analytical technique indicate less than 10^^ atoms/cm^ 
of oxygen at the interface between ttie silicon surface and subsequenUy deposited layer. These results are 
25 achieved witii very low consumption of themnal budget (low temperatures and time), desirably without adding 
halide etoh species to the bake process. If desired, in some arrangements, metal impurities can also be removed 
if HCI is added to the low temperature bake process 240. 

As illustrated, the low temperature bake 240 is preferably followed iihsitu by a tow temperature 
deposition 250. which are discussed in more detail betow. "Low temperature," as used to describe the deposition 
30 250. refers to processes conducted at below conventional epitaxial silicon deposition temperatures. Accordingly. 

•a 

the wafer does not need to be heated further after tiie bake step and typtoaily needs to be lowered. 

Accordingly, to maximize tiiroughput under such conditions, the low temperature bake 240 is conducted 
in a manner that minimizes the time to stabilize at the temperature desired for the deposition 250. Accordingly, 
the rapid temperature ramp is conducted by providing biased power to the upper lamps 13 (see Figure 1), relative 
35 to the power provkied to tiie lower lamps 14 (Figure 1). For example, in an exemplary bake 240. the power 
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provided to the upper lamps is preferably more than at)OUt 25% higher, and more preferably about 50% higher 
than a "neutral" analog ratio of upper lamp power to lower lamp power, where "neutraT refers to the ratio 
optimized to achieve equal wafer 16 and susceptor 20 temperatures. At an analog ratio of 50% above neutral for 
the exemplary ramp in the exemplary reactor 10, the upper lamps 13 are at full power. Thus, the wafer is rapidly 
5 heated during the low temperature bake 240. but the more massive susceptor 20 does not heat as rapidly and 
therefore does not require much time to drop in temperature and then stabilize at the deposition temperature. 

In experiments, it was found that the center thermocouple 28 (Figure 1) reached only a peak 
temperature of about 684''C during a 15 second power spike to the top lamps. The center thennocouple 28, 
whrch reads rather slowly and is spaced from the wafer, does not reflect actual wafer temperature during this 

10 rapkl spike; the actual peak wafer temperature is between about 700X and SOO'^C, preferably between about 
750''C and 800''C. The wafer temperature is not, however, stabilized at this peak temperature; rather, after the 
low temperature bake, during whrch power is biased toward the top lamps 13 (Figure 1) and the wafer 
^- temperature is constantly ramped upward, the temperature controllers are immediately adjusted to stabilize the 
wafer at the deposition temperature. The substrate holder 20, however, preferably reaches less than 750X, 

1 5 preferably less than about 725''C and in the exemplary embodiment tess than about 700''C. 

As noted, the deposition 250 is conducted at lower than standard epitaxial silicon processes. 
Preferably the wafer temperature is between about 450X and 950X. more preferably between about 550''C 
and SOO^'C, and most preferably between about eOO^'C and 700''C. Due in part to the fow maximum temperature 
and rapUity of the bake 240, temperatures preferably stabilize at the desired deposition temperature in less than 

20 1 minute after the temperature ramp, preferably less than about 45 seconds after the bake 240. In an exemplary 
process, temperature stability at SSO^'C is reached in 45 seconds, including the bake step 240. In contrast, 
towering the temperature for this system from a traditional bake temperature of 900X to ordinarily takes 
about 2 minutes, not including the bake time. 

Low temperature deposition 250 on the clean silicon surface can be one of a number of possible 

25 processes. For example, selective epitaxial silicon deposition is conducted between about GSOX and 1000°C. 
Such a process is of particular utility for circuit designs calling for elevated source/drain regions or elevated 
emitters. SiGe deposition is preferably conducted between about 625X and 725*'C. Epitaxial silicon deposition 
upon a SiGe base or CVD of silicon oxynitride (SiQxNy) can also be conducted in similar ranges, e.g.. at about 

* 

650X. The skilled artisan will readily appreciate precursors and conditions suitable for such post-bake low 
30 temperature deposition processes. 

Following tiie deposition 250, the temperature of the wafer 16 and susceptor 20 is allowed to fall to 

■• 

idling temperature while the gate valve is opened, the wafer 16 is removed, tiie gate valve is ck)sed, and plasma 
chamber cleaning 210 is again commenced. In the case that a SiGe base was deposited upon the wafer 16, 
additional processing of the wafer 1 6 can now take place before the wafer 1 6 is returned for epitaxial growth of a 
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silicon emitter. Alternatively, another wafer is then introduced and loaded 220 onto the susceptor 20 at a low 
temperature, and the process is repeated. 

In the preferred emtxxliment, a recipe is entered into the processor of the reactor 10 and temperature 
controllers (not illustrated) are programmed with target temperature goals with which to detennine heating 

5 element power allocation. As an example of the previous description, the following exemplary recipe is provided 
for conducting a low temperature bake: First, a plasma chamber clean is conducted. Second, the wafer 16 is 
loaded into the process chamber 12 and onto the wafer support or susceptor 20 while hydrogen is supplied to the 
chamber at 10 sIm and with the temperature controller set at 350**C. Third, the chamber 12 is sealed and 
hydrogen gas is supplied to the process chamber at 20 sIm while the temperature controller is set to 450X. 

10 Fourth, the chamber 12 is pumped down to 0.8 atmospheres. Fifths the temperature controllers are set to 
1100X, corresponding with maximum power being sent to the heating elements, and a bake Is conducted for 15 
seconds. It is important to note that while the temperature controllers are seeking to achieve 1 lOO^'C, neither the 
chamber temperature, nor the substrate ever actually approach that temperature, generally staying in the 70QX 
to 900X range. Sixtii, a backfill step is conducted while the temperature controllers are set to 680X, hydrogen 

IS fk)w is increased to 45 sIm, and pressure is increased to 1 atmosphere. Thereafter, deposition tekes place, as 
described above. 

Problems Inherent in Fonnab'on of Epitaxial Layers and Heterojunction Bipolar Transistors 

* 

As is known in the art, epitaxial layers can be fonned of intrinsic or doped silkx)n, silicon germanium, or 
ottier semiconductor materials. Recentiy, the benefits of integrated devices, with an epitaxial silicon-gennanium 
20 base and an epitaxial silicon emitter have become increasingly apparent In particular, such materials are very 
desirable for use in high frequency applications and are particulariy important in tfie creation of heterojunction 
bipolar transistors. 

Heterojunction bipolar transistors (HBTs) are high frequency transistors in which the emitter can be 
fonned with epitaxial silicon and the base can be comprised of an epitaxial silicon-gennanium alloy. Silicon- 
25 germanium alloy (often expressed simply as silicon-^emianium) is nanower in band gap than silicon. As ttie 
vertical dimensions of the common bipolar transistor are reduced, the properties of the SiGe HBTs make them 
increasingly desirable. 

The use of silicon-gemianium for ttie base of a heterojunction bipolar transistor can enhance the 
effidency of earner injection from Oie emitter into the base. Consequentiy, current gain "g" attains a sufficient 

30 level even if the impurity concentration in the silicon-germanium base is higher than that in a conventional 
silicon base by more than one order of magnitude. Witti a silicon-germanium base, high perfomiance at high 
frequencies can be realized by sufficientiy raising the doping level in the base and reducing the base width. 
Furthemiore, there is a possibility of improving the cutoff frequency (shortening the emitter-base diffusion 
time) and, consequentially, further enhancing the high-frequency characteristics by grading the germanium 

35 profile in the silicon-germanium base. The advanced silicon-germanium bipolar oomplementery metal-oxide- 
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semiconductor (BiCMOS) technology uses a siliconrgermanium base in a heterojunction bipolar transistor. In 
the high frequency (such as multi-GHz) regime, conventional compound semiconductors such as GaAs and 
InP cunently dominate the market for high speed wired and wireless communications. Silicon-germanium 
BiCMOS promises not only a comparable perfomnance to GaAs in devices such as power amplifiers, but also 
S a substantial cost reduction due to the integration of heterojunction bipolar transistors with standard CMOS, 
yielding the so-called "system on a chip." 

One disadvantage of SiGe base layers is that it is quite difficult to forni defect free epitaxial emitter 
layers on a SiGe base layer. Typically, in order to minimize any cross-contamination between processes due 
to memory effects within chambers, SiGe base layers are fonned in a different chamber from the processes 

10 for forming the underlying collector and overlying emitter layers. Unfortunately, this provides an opportunity 
for oxide and other contaminants to affect the top surface of the SiGe layer. Under conventional processes, a 
high temperature bake would intolerably relax the crystal stnicture of the SiGe base layer. The skilled artisan 
will appreciate that the thennal budget that a SiGe layer can tolerate depends upon whether it is fonned as a 
metastable layer. Accordingly, in order to obtain epitaxial deposition over the SiGe base layer, ordinarily care 

IS must be taken to avoid contamination after the SiGe layer has been fonned. Although epitaxial layers over 
SiGe have been fabricated in reaction chambers where the complete HBT structure is grown without 
interruption, this is not practical for most integration schemes. Thus, the sensitive collector-base or base- 
emitter interfaces are never exposed to air or other process environments, unlike devices which employ a 
selectively grown epitaxial base and a polysilicon emitter. For a detailed description of the prior art, please 

20 see "Low 1/f noise SiGe HBTs with application to low phase noise microwave oscillators." Gruhle and Mahner, 
Electronics Letters, November 20, 1997, pp. 2050-2052. See also. "Prospects for 200 GHz on Silicon with 
SiGe Heterojunction Bipolar Transistors." Gruhle, IEEE BCTM 1.1, August, 2001, pp. 19-24. 

Cunently, there are four major issues which must be considered when attempting to fabricate SiGe 
HBTs: first, the cleanliness of the interfaces prior to epitaxial deposition; second, the thermal budget and 

25 lattice stmcture preservation necessary for epitaxial emitter growth; third, the concentration of genmanium in 
the base; and fourth, the thickness of the base. Each of these issues is addressed through embodiments of 
the present invention. 

Cleanliness of the Interfaces Prior to Epitaxial Deposition 

After a silicon gemnanium base has been grown on a silicon substrate, it would be desirable to grow 
30 a silicon-containing emitter epitaxially on top of that SiGe base. In order to avoid process cross- 
contamination, it is desirable to deposit the silicon-germanium base on.the silicon substrate in one reaction 
chamber, whereafter the wafer can be removed from that reaction chamber and further processed before the 
silicon emitter is grown. During the period between base and emitter deposition, oxide and cari)on 
contaminants develop upon the surface of the SiGe base, thereby preventing epitaxial growth of a silicon 
35 emitter. Even a very small contamination upon a sWkon gennanium base can impede the formatton of an 
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epitaxial emitter. Apart from achieving epitaxial deposition, other processes, such as transistor gate dielectric 
fbnnation, require a clean sur^ prior to film fonnabon. 

Thermal Budget and Lattice Stnjcture 

Even after a substrate has been property cleaned, it has remained a major challenge to deposit and 

■ 

5 maintain a high quality silicon-gennanium film on the substrate. It is well known that genfnanium has a 
constant about 4% larger than the lattice constant of silicon. When silicon-germanium is grown on a silicon 
substrate, silicon-gennanium will experience a compressive strain due to the lattice mismatch between the 
silicon-gennanium alloy and the silicon substrate. As the temperature of the substrate increases, the energy 
of the misfit strain increases such that it becomes energetically favorable for dislocations to generate in the 

1 0 alloy film. These dislocations are detrimental to device perfomnance, especially for bipolar devices, leading to 
high leakage current and low voltages. In addition, crystal dislocations in the base layer are propagated 
through to the emitter layer, preventing the fomnation of epitaxial emitters. This effect has prevented the 
widespread adoption of epitaxial emitters upon silicon gemianium bases, and has forced manufacturers to 
produce primarily devices whose emitters were polycrystalline in nature. ConsequenUy, ttiere is a particular 

15 need, for a method of creating epitaxial emitters on silicon-gennanium bases which minimizes such 
dislocations. 

Even with ttie HF last ti^atment, epitaxial and other depositions over silicon-containing stmctures 
typically empby a pre-deposition bake step to remove any native oxide. Such bake steps, usually employing 
hydrogen as a reducing agent and ttterefore referred to as "hydrogen bake" steps, are typically conducted at 

20 relatively high temperatures for extended periods of time. Typical bake conditions range from 750''C for about 20 
minutes to 900*C for about 1 minute. Even higher temperatures (1000'C to 1200*'C) are often employed for 
baking in conjunction witti a subsequent high temperature epitaxial process. Such bake steps, however, reduce 
wafer ttiroughput due to the time required for ttie bake step itself or for temperature cycling. In addition, such 
extended, high temperature bakes consume an unacceptable amount of Oiennal budget for devices with shaltow 

25 junctions, causing uncontrolled migration of dopants In the semiconductor substrate. Accordingly, ttiemnal 
budget consumption is disadvantageous for bake steps in all contexts, but is parficulariy disadvantageous for 
cleaning SiGe base layer surfaces, which, as noted above, become excessively relaxed when exposed to high 
temperatures for a long period of time. 

In attempts to reduce the temperataire and ttiennal load from bake steps, it has been suggested to add 

30 halMe gases or other etchant vapors and/or plasma energy to the bake process. While acceptable for some 
drcuit designs, such etch chemisbies can be debimental to the wafer. 

ConsequenUy, there is a need for a process which will allow for removal of ttie hydrogen termination in a 
contaminant free environment while minimizing the consumption of ttie ttiennal budget, and ttiereby prevent 
dislocations, in a SiGe base. 
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Germanium Concentration 

In forming a SiGe base, the germanium concentration decreases linearly from the collector-base 
interface to the base-emitter interface. In an exemplary an^ngement, the concentration of germanium within 
this gradient ranges from 20% at the collector-base interface to 0% at the base-emitter interface. Because 
5 increased gennanium concentration also increases stress on the lattice stmcture of an epitaxially grown SiGe 
alloy, it is inversely proportional to the thermal budget which a given SiGe layer can withstand; the higher the 
Ge-content, the more easily the SiGe crystal stmcture is relaxed. Electrically, it is desirable to increase the 
concentration of gennanium in the base, but doing so decreases the thennal budget for a given device. 
Similarly, for a given thermal budget, only a certain gennanium concentration can be present in a device. 
10 Consequently, there is a need for a process which allows for an increase in gemnanium concentration in the 
base layer while minimizing the consumption of the thermal budget 

SiGe Base Thickness 

Typically, a SiGe base ranges from 250A to 650A in thickness. Because increased gennanium 
thickness also increases stress on the lattice stmcture of an epitaxially grown SiGe alloy, it is inversely 
IS proportional to the thenmal budget which a given SiGe layer can withstand; the thicker the SiGe layer, the 
more easily its crystal stmcture relaxes. Similarly, for a given thermal budget, only a certain gennanium 
thickness is possible. Consequently, there is a need for a process which allows for an increase in germanium 
thickness in the base layer while minimizing the consumption of the thermal budget. 

Preferred Method of Fomning of Epitaxial Layers and Heterojunction Bipolar Transistors 

20 After a layer of epitaxial SiGe alloy is deposited upon a clean silicon surface, as described above, the 

processes described herein provide for subsequent deposition of an epitaxial silicon emitter layer upon the SiGe 
base. Figure 6 depicts a flow chart generally showing a process for forming an epitaxial emitter in accordance 
with the prefened embodiments of the present invention. In the first step 260, an epitaxial base layer of siOcon- 
gennanium alloy is initially fomied on a substrate 16. Preferably, this base layer is fomied through low 

25 temperature deposition 250. as illustrated in Figure 5. Through normal processing, this substrate 16 may have 
been previously exposed to oxygen eiUier wittiin the reaction chamber 12 or as it was transported from another 
semiconductor processing apparatus (not illustrated) into tiie chemical vapor deposition reactor 10. Next, ttie 
substrate 16 is moved 270 into the reaction chamber 12, and a low temperature bake 280 is conducted. The low 
temperature bake step 280 is perfomied as described previously, and effectively removes nearly all oxygen and 

30 carbon contamination from ttie surface of the substrate 16, preferably without exhausting the ttiermal budget As 
illustrated, ttie low temperature bake 280 is preferably followed bsitu by a low temperature deposition, 
substantially as discussed previously. During this step, an emitter is grown epitaxially 290. Preferably, ttie 
emitter is fonned of Si, but may also be fomned of SiC. 
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By processing the SiGe base according to the methods of the present invention, the genmanium's 
thermal budget is not exhausted. The low temperature nature of these processes also allow for higher 
concentrations and thicknesses of gennanium in the base layer. Consequently, the crystal lattice stmcture of the 
stressed SiGe layer does not relax, and dislocations do not appear in the base layer. Advantageously, the 
5 absence of dislocations, coupled with the exceptionally clean surface, allow a silicon or silicon-carbon emitter 
layer to be grown epitaxially upon the SiGe base layer without relaxing the crystal structure. 

Preferably, the silicon gennanium layer has a thickness of at least about 250A. more preferably greater 
than about 650A. Furthemiore, separate chambers are most preferably employed for depositing the SiGe base 
layer and the subsequent silicon-containing emitter. That way, memory effects and consequent contamination 

10 can be avoided, using dedicated process chambers for each deposition. At the same time, oxide and other 
contaminants from transport between chambers can be cleaned by the dteclosed bw temperature bake, without 
risk of relaxing the SiGe strained layer. 

The processes described herein enable a low temperature and rapid hydrogen bake white still provkJing 
very clean silicon surfaces for subsequent deposition. Accordingly, shallow junctions can maintain their integrity. 

IS Advantageously, SiGe HBT BiCMOS devices can now be created while mantaining a high rate of throughput 
Furthemrtore, the comblnatbn of the described k>w temperature bake with relatively bw temperature depositbn, 
conducted in-situ, albws for other considerable improvements in wafer throughput, lowering overall costs of 
operation. Low temperature plasma chamber cleaning, in combination with the above, provides even further 
benefits to throughput white still maintaining the purity desired of stat&of-the-art semiconductor fabrication. 

20 It will be appreciated by those skilled in the art that various modifications and changes can be made 

wittK)ut departing from the scope of ttie invention. Similar otiier modifications and changes are intended to fall 
wittiin the scope of the invention, as defined by tiie appended claims. 
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WE CLAIM: 

I. A method of treating a semiconductor substrate having an exposed semiconductor region 
. subject to oxidation, comprising: 

loading the substrate onto a substrate support in a chemical vapor deposition reaction 
5 chamber at less than SSO'^C; 

subjecting the substrate to a bake in a reducing environment for less than 45 seconds; 
stabilizing the substrate temperature after the bake; and 

depositing a layer by chemical vapor deposition directly over the semiconductor region after 
stabilizing the temperature. 

10 2. The method of Claim 1. wherein loading the substrate comprises maintaining the substrate 

support at less than about SOO^'C. 

3. The method of Claim 2, wherein loading the substrate comprises maintaining the substrate 
support at less than about 450*'C. 

4. The method of Claim 1 , wherein subjecting the substrate to the bake comprises exposing 
IS the substrate to hydrogen in the absence of halide species. 

5. The method of Claim 4, wherein subjecting the substrate to a bake comprises raising the 
substrate temperature for less than about 30 seconds. 

6. The method of Claim 5, wherein stabilizing the substrate temperature comprises lowering 
the substrate temperature immediately after raising the substrate temperature. 

20 7. The method of Claim 6, wherein stabilizing the substrate temperature comprises lowering 

the substrate temperature to between about 550X and 800''C. 

8. The method of Claim 7, wherein stabilizing the substrate temperature comprises lowering 
the substrate temperature to between about 600''C and 700*'C 

9. The method of Claim 6, wherein depositing the layer comprises a selective epitaxial 

25 process. 

10. The method of Claim 1, wherein depositing a layer comprises fomiing an epitaxial emitter 
for an integrated device. 

II. The method of Claim 1 , wherein depositing a layer comprises depositing an epitaxial emitter 
over a silicon gemoanium alloy. 

30 12. The method of Claim 11, wherein depositing a layer comprises depositing silicon. 

1 3. The method of Claim 1 1 , wherein depositing a layer comprises depositing silicon carbide. 

14. The method of Claim 6, wherein subjecting the substrate to a bake comprises raising the 
substrate temperature for less than about 20 seconds. 

15. The method of Claim 14, wherein subjecting the substrate 1o a bake comprises raising the 
35 substrate temperature to greater than 700*'C. 
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16. The method of Claim 15, wherein subjecting the substrate to a bake comprises raising the 
substrate temperature to between about 700''C and 900*'C. 

17. The method of Claim 1. wherein subjecting the substrate to a bake comprises increasing 
the substrate temperature at a rate greater than the rate of temperature increase of the substrate holder. 

5 18. The method of Claim 17. wherein subjecting the substrate to a bake comprises raising the 

substrate temperature to greater than about 750*'C and raising the substrate holder to less than 750''C. 

19. The method of Claim 17, wherein subjecting the substrate to a bake comprises delivering a 
greater ratio of power to an upper bank of lamps as compared to a neutral ratio of power between the upper 
bank and a lower bank of lamps, where the neutral ratio of power is optimized to maintain the substrate 

1 0 temperature the same as the substrate holder temperature. 

20. The method of Claim 19. wherein the greater ratio of power is greater than 25% higher than 
the neutral ratio. 

21 . The method of Claim 1 . wherein the reducing environment comprises hydrogen. 

22. The method of Claim 1. further comprising cleaning the reaction chamber at less than 
1 5 550X prior to loading the substrate onto Uie subsbBte support. 

23. The method of Claim 22. wherein cleaning comprises subjecting the reaction chamber to a 

plasma. 

24. The metiiod of Claim 23, wherein cleaning comprises subjecting tiie reaction chamber to a 
halide^ntaining plasma. 

20 25. * The mettiod of Claim 24, wherein cleaning comprises subjecting ttie reaction chamber to a 

fluorin&^containing plasma. 

26. The metiiod of Claim 22, wherein cleaning comprises maintaining tiie substrate support to 
no greater than 500''C. 

27. A system for chemical vapor deposition on a semiconductor substrate, comprising: 
25 a cold wall reaction chamber; 

a plasma source connected to feed plasma products to the reaction chamber; 

a susceptor housed wiUiin the reaction chamber; 

a robot configured to tifansfer a substrate into and out of the reaction chamber; 

a plurality of heating elements configured to heat the substrate upon the susceptor; and 
30 a computer programmed to control the robot, heating elements and plasma source to 

conduct plasma cleaning of the reaction chamber at a temperature of less ttian 500''C when the 
chamber holds no subsbrate. and load the substrate onto the susceptor in the chamber after 
conducting plasma cleaning, and conduct deposition upon the substrate. 
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28. The system of Claim 27, wherein the computer is programmed to raise the substrate 
temperature from below about SOO^'C to greater than about 500X after loading the substrate onto the 
susceptor. 

29. The system of Claim 28, wherein the computer is further programmed to control mass flow 
S controllers on gas lines connected to the reaction chamber to flow a reducing agent into the chamber while 

raising the substrate temperature. 

30. The system of Claim 29, wherein the computer is further programmed to stabilize the 
substrate temperature at a temperature suitable for chemical vapor deposition immediately after raising the 
substrate temperature. 

10 31 The system of Claim 30, wherein stabilizing the substrate temperature comprises lowering 

the substrate temperature to a temperature suitable for chemical vapor deposition within less than about 30 
seconds of initiating raising the substrate temperature. 

32. A system for chemical vapor deposition on a semiconductor substrate, comprising: 
a plasma source connected to feed plasma products within a reaction chamber; 

IS a susceptor housed within the reaction chamber, 

a robot configured to transfer a hydrogen-temiinated substrate into and out of the reaction 
chamber; 

a plurality of heating elements configured to heat the substrate upon the susceptor, and 
a computer programmed to first control the robot, heating elements and plasma source to 
20 conduct plasma cleaning of the reaction chamber at a temperature less than that at which hydrogen 

will desorb from the substrate; second load the substrate onto the susceptor in the chamber after 
conducting plasma cleaning; and third conduct a chemical vapor deposition upon the substrate. 

33. The system of Claim 32, wherein the computer is programmed to raise the substrate 
temperature from a temperature less than that at which hydrogen will desorb from the substrate to a 

25 temperature at which hydrogen will desorb from the substrate after loading the substrate onto the susceptor. 

34. The system of Claim 33, wherein the computer Is further programmed to control mass flow 
controllers on gas lines connected to the reaction chamber to flow a reducing agent into the chamber while 
raising the substrate temperature. 

35. The system of Claim 34, wherein the computer is further programmed to stabilize the 
30 substrate temperature at a temperature suitable for chemical vapor deposition immediately, after raising the 

substrate temperature. 

36. The system of Claim 35, wherein stabilizing the substrate temperature comprises lowering 
the substrate temperature to a temperature suitable for chemical vapor deposftion within less than about 30 
seconds of initiating raising the substrate temperature. 
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37. A method for growing an epitaxial silicon-containing layer on a silicon-gennanium layer, the 
method comprising: 

inserting the silicon substrate with a silicon-germanium layer into a first reaction chamber 
and onto a susceptor housed within the chamber; 
5 subjecting the substrate to a bake; and 

epitaxially fonning a silicon-containing layer on top of the silicon-germanium layer. 

38. The method of Claim 37, wherein inserting comprising maintaining the susceptor at a 
temperature below that at which hydrogen desorption occurs. 

39. The method of Claim 38. wherein inserting comprises maintaining the susceptor at less than 
10 about 500*C. 

40. The method of Claim 39. wherein inserting comprises maintaining the susceptor at less than 
about 450X. 

41. The method of Claim 39. wherein subjecting the substrate to the bake comprises exposing 
the substrate to hydrogen in the absence of halide species. 

15 42. The method of Claim 41, wherein a duration of the bake comprises less than about 30 

seconds. 

43. The method of Claim 42, further comprising, immediately after subjecting the substrate to 
the bake, lowering the substrate temperature to an acceptable temperature for epitaxy. 

44. The method of Claim 43, wherein the substrate temperature is lowered to between about 
20 550^Cand800'C. 

45. The method of Claim 44, wherein the substrate temperature is lowered to between about 
600'Cand700X 

46. The method of Claim 37. wherein forming the silicon-containing layer comprises a selective 
epitaxial process. 

25 47. The method of Claim 37, wherein fomning the emitter layer comprises forming an elevated 

emitter for an integrated device. 

48. The method of Claim 37, wherein subjecting the substrate to a bake comprises raising the 
substrate temperature for less than about 20 seconds. 

49. The method of Claim 48, wherein subjecting the substrate to a bake comprises raising the 
30 substrate temperature to greater than 700X. 

50. The method of Claim 48. wherein subjecting the substrate to a bake comprises raising the 
substrate temperature to between about 700X and 900''C. 

51 . The method of Claim 38. wherein subjecting the substrate to a bake comprises increasing 
the substrate temperature at a rate greater than increasing the substrate holder temperature. 
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52. The method of Claim 51, wherein subjecting the substrate to a bake comprises raising the 
substrate temperature to greater than about 750X and raising the susceptor to less than about 750X. 

53. The method of Claim 37. wherein subjecting the substrate to a bake comprises delivering a 
greater ratio of power to an upper bank of lamps as compared to a neutral ratio of power between the upper 

5 bank and a lower bank of lamps, where the neutral ratio of power is optimized to maintain the substrate 
temperature the same as the susceptor temperature. 

54. The method of Claim 53» wherein the greater ratio of power is greater than 25% higher than 
the neutral ratio. 

55. The method of Claim 37, further comprising cleaning the reaction chamber at less than 
1 0 SSO'^C prior to loading the substrate onto the susceptor. 

56. The method of Claim 55, wherein cleaning comprises subjecting the reaction chamber to a 
halide-containing plasma. 

57. The method of Claim 55, wherein cleaning comprises subjecting the reaction chamber to a 
fluorine-containing plasma. 

1 S 58. The method of Claim 55, wherein cleaning comprises maintaining the susceptor at less than 

about 500^. 

59. A method of semiconductor processing, comprising: 

loading a substrate within an exposed semiconductor surface into a reaction chamber, 
conducting a bake step for less than 45 seconds to remove oxide from the semiconductor 
20 surface; and 

depositing an epitaxial semiconductor layer over the semiconductor surface. 

60. The method of Claim 59, wherein inserting the substrate comprises loading the substrate 
onto a substrate holder at less than about 550X. 

61. The method of Claim 59, wherein inserting the substrate comprises loading the substrate 
25 onto a substrate holder at less than about 500°C. 

62. The method of Claim 61, wherein the exposed semiconductor surface comprises a single- 
crystal silicon gennanium layer 

63. The method of Claim 62, wherein growing the epitaxial layer comprises growing a silicon- 
container emitter layer over the silicon gennanium layer 
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